The Meckel syndrome (MKS) is a lethal fetal disorder characterized by diffuse renal cystic dysplasia, polydactyly, a brain malformation that is usually occipital encephalocele and/or vermian agenesis, with intrahepatic biliary duct proliferation. Joubert syndrome (JBS) is a viable neurological disorder with a characteristic "molar tooth sign" (MTS) on axial images reflecting cerebellar vermian hypoplasia/dysplasia. Both conditions are classified as ciliopathies with an autosomal recessive mode of inheritance. Allelism of MS and JBS has been reported for TMEM67/MKS3, CEP290/MKS4, and RPGRIP1L/MKS5. Recently, one homozygous splice mutation with a founder effect was reported in the CC2D2A gene in Finnish fetuses with MKS, defining the 6 th locus for MKS. Shortly thereafter, CC2D2A mutations were reported in JBS also. The analysis of the CC2D2A gene in our series of MKS fetuses, identified 14 novel truncating mutations in 11 cases. These results confirm the involvement of CC2D2A in MKS and reveal a major contribution of CC2D2A to the disease. We also identified three missense CC2D2A mutations in two JBS cases. Therefore and in accordance with the data reported regarding RPGRIP1L, our results indicate phenotype-genotype correlations, as missense and presumably hypomorphic mutations lead to JBS while all null alleles lead to MKS.
INTRODUCTION
Meckel-Gruber syndrome (MKS; MIM# 249000), is a rare autosomal recessive lethal ciliopathy characterized by central nervous system malformations (typically occipital meningoencephalocele), postaxial polydactyly, diffuse renal cystic dysplasia, intrahepatic biliary duct proliferation, and other malformations such as situs inversus, or bone anomalies. MKS is genetically heterogeneous with 6 loci and 5 genes yet identified, respectively on 17q23 (MKS1; MIM# 609883) (Kyttala et al., 2006) , 8q24 (TMEM67 or MKS3; MIM# 609884) (Smith et al., 2006), 12q21(CEP290 or MKS4; MIM# 610142) (Baala et al., 2007a) 16q12 (RPGRIP1L or MKS5; MIM# 611561) (Delous et al., 2007) and most recently on 4p15 (CC2D2 or MKS6; MIM# 612013) (Tallila et al., 2008) . The disease causing gene at the MKS2 locus remains unknown (Roume et al., 1998) .
Joubert syndrome (JBS; MIM# 213300) is an autosomal recessive multisystem ciliopathy also, characterized by developmental delay, hypotonia, irregular breathing pattern, eye movement abnormalities (Joubert et al., 1968) and cerebellar vermis hypoplasia/dysplasia with accompanying brainstem abnormalities resulting in the radiological "molar tooth sign" (MTS) (Patel and Barkovich, 2002) . Other variable features include retinal dystrophy, renal anomalies, polydactyly, liver fibrosis and occipital encephalocele, which define a group of Joubert Syndrome Related Disorders (JSRD).
JBS and MKS were shown to be allelic at 4 loci: TMEM67/MKS3/JBTS6 (Baala et al., 2007b) , CEP290/MKS4/JBTS5 (Baala et al., 2007a) , RPGRIP1L/MKS5/JBTS7 (Delous et al., 2007) and CC2D2A/MKS6/JBTS9 (Gorden et al., 2008; Tallila et al., 2008) . In addition, mutations in 3 other genes have also been associated with JBS: AHI1 (JBTS3, 6q23.2) (Ferland et al., 2004) , NPHP1 (JBTS4, 2q13) (Parisi et al., 2004) , and ARL13B (JBTS8, 3q11.2) (Cantagrel et al., 2008) . Two more loci JBTS1/CORS1 (Saar et al., 1999) and JBTS2/CORS2 (Keeler et al., 2003; Valente et al., 2003) map to chromosome 9q34.3 and 11p12-11q13.3 respectively.
Recently, a homozygous CC2D2A splice mutation was reported in Finnish MKS fetuses (Tallila et al., 2008) and CC2D2A mutations were also reported in patients with JBS (Gorden et al., 2008) . This confirms further the allelism between these 2 disorders. As only one CC2D2A splice mutation was reported in six Finnish MKS fetuses, clearly indicating a founder effect, we decided to screen a distinct cohort of MKS fetuses and JBS cases in order to flesh out the spectrum of CC2D2A mutations in MKS and JS. In our cohort, while all 14 MKS mutations predicted null alleles (11 cases), JBS mutations were missense (3 mutations in 2 patients). Our data suggest that CC2D2A mutations are a major cause of MKS, contributing to 10 % of our cohort of 120 MKS fetuses. In addition, the data indicate phenotype-genotype correlations. Finally we investigated the expression pattern of this gene using in situ hybridization at early stages of human development. We show that CC2D2A, like other MKS and JBS genes examined to date (Kyttälä et al., 2006; Smith et al.; , Baala et al., 2007b Delous et al., 2007; Dawe et al., 2007 Talila et al., 2008 Gorden et al., 2008) is ubiquitously expressed during early human development.
MATERIALS and METHODS

Patients
Our MKS cohort is a large multiethnic series of 120 fetuses. Inclusion criteria for MKS were based on characteristic: (1) diffuse renal cystic dysplasia of the kidneys, (2) intrahepatic biliary duct proliferation and/or fibrotic changes of the liver (3) malformation of the CNS, and (4) normal karyotype based on either blood, cultured amniocytes or chorionic villi samples. In familial cases, these criteria were present in at least one sibling. Pregnancies were terminated after genetic counselling in accordance with national legislation. We also analysed the CC2D2A gene in 10 Joubert cases ascertained by a brain imaging showing a molar tooth sign, and excluding all other JBS loci. For all, chromosome analysis and clinicopathological examination were performed for at least one sibling in all cases. Informed consent was obtained for all participating families.
Genome-wide linkage screening and linkage analysis
Genome-wide homozygosity mapping was performed using 10K Affymetrix SNP arrays in 19 consanguineous MKS families, excluding all 4 known MKS genes. Data were evaluated by calculating multipoint lod scores across the whole genome using MERLIN software, assuming recessive inheritance with complete penetrance. Six were found homozygous at the CC2D2A locus. Nine other familial or consanguineous cases were tested for linkage with two intragenic microsatellite markers that were generated respectively in intron 1 and intron 3 of the gene. Primers are: CC2D2A i1-Forward: TTGTTTGTTTCCCTTCATTGC, CC2D2A-i1-Reverse: CCCAGCAAATTCTGAGCTTC; CC2D2A-i3-Forward: AGCCTAACAAATGCAGTCAT, CC2D2A-i3-Reverse: TGGAGCATATGTAGAGATCTGA.
CC2D2A mutation analysis
Genomic DNA was extracted from frozen tissue or cultured amniotic fluid cells in fetal cases and from peripheral blood samples for parents and unaffected siblings. Primers were designed in introns flanking the 36 exons (3-38 coding exons) using the "Primer 3" program (http://fokker.wi.mit.edu/primer3/input.htm) and are listed in Supp. Table S1 . All PCR were all performed in the same conditions, with a touchdown protocol consisting of denaturation for 30s at 96°C, annealing for 30s at a temperature ranging from 64°C to 50°C (decreasing 1° during 14 cycles, then 20 cycles at 50°) and extension at 72°C for 30s. PCR products were treated with Exo-SAP IT (AP Biotech). Both strands were sequenced with the appropriate primer and the "BigDye" terminator cycle sequencing kit (Applied Biosystems Inc.) and analyzed on ABI3130 automated sequencers. In silico analyses were carried out using SIFT (http://blocks.fhcrc.org/sift/SIFT.html), Polyphen (http://genetics.bwh.harvard.edu/pph/), NNSPLICE 0.9 (http://www.fruitfly.org/seq_tools/splice.html) and HSF (http://www.umd.be/HSF/) online software. Segregation of the identified mutations was investigated in all family members available. Mutation numbering is based on cDNA sequence with a 'c.' symbol before the number, where +1 corresponds to the A of ATG translation codon (codon 1) of the cDNA reference sequences (EU450799). Mutation names were checked by the Mutalyzer programm (Wildeman et al., 2008) .
Gene expression analyses using in situ hybridization
Normal human embryos and fetal tissues were obtained after elective pregnancy termination in agreement with French legislation (law no. 2004-800), National Ethics Committee recommendations (report no. 1 of May 22, 1984) , and the Necker Hospital ethics committee. Embryonic stages were established according to Carnegie staging (CS) classification. Tissues were fixed in 4% phosphate buffered paraformaldehyde, dehydrated, and embedded in paraffin blocks. Five micron-thick serial sections were cut. Four different embryonic stages CS13 (gestational day 30), CS14 (d33), CS17 (d42), and CS22 (d54) were studied. Exon 17 primers were selected for PCR amplification (17F: TGACCTGCCTGATTACACACTT; 17R: CCTGATGCTCGTGTAGGTCA). A T7 promotor sequence extension (TAATACGACTCACTATAGGGAGA) was added at the end of each primer. T7F/R and F/T7R primers allowed the amplification of sense and antisense templates specific to the CC2D2A gene. Riboprobe labelling, tissue fixation, hybridisation, and developing were carried out according to standard protocols as described previously. Sections were hybridized with a digoxygenin labelled probe at 70°C overnight and digoxygenin was revealed with an anti-DIG-Fab' antibody (Roche) at 1:1000.
RESULTS
In our cohort of 120 MKS fetuses, 28 consanguineous or multiplex MKS families excluded all 4 known genes. Linkage to CC2D2A was tested either by Affymetrix SNP 10K microarray analysis (19 cases), or by microsatellite-based linkage analysis using 2 intragenic markers (9 families). Among the consanguineous families, 7 fetuses were found homozygous at the CC2D2A locus, while in multiplex non consanguineous families, 2 showed potential linkage. CC2D2A mutational screening was performed in these 9 fetuses and in 12 additional sporadic cases in which all 4 known MKS genes were excluded by directed sequencing. This study identified a total of 11 cases with various CC2D2A mutations: 6 were homozygous mutations, 3 were compound heterozygous. In two cases, only one mutation could be identified. The molecular screening of the other sporadic cases of our cohort is ongoing, but these data already indicate that CC2D2A mutations are responsible for at least 10% of MKS cases in a multiethnic cohort. Clinical and molecular data are summarized on Figure 1 and Table 1 .
In MKS-84D case (family 1), we failed to amplify exons 28 to 31 of the CC2D2A gene. This suggests that the fetus was carrying a homozygous deletion of 4 exons. In order to confirm the deletion, three multiplex PCRs were then performed including exon 13 (as an internal control) and each of the exons 28 to 30 (Figure 2 ). While the normal control showed 2 bands, only exon 13 was amplified in fetus MKS-084D. A simplex PCR is shown for exon 31 (no amplification, while exons 27 (not shown) and 32 amplified correctly. This confirms that this fetus carries a homozygous exons 28 to 31 intragenic deletion.
In families 2-5, originating respectively from Mauritania (family 2), France (family 3), and Turkey (families 4 and 5), parents were related and fetuses were homozygous at the locus. Consistent with the linkage data, we identified a homozygous mutation in each of these families: c.517C>T/p.Arg173X; c.3399-3C>A; c.3584delT/p.Phe1195SerfsX11 and c. 3084delG/p.Lys1029ArgfsX3. All mutations predicted a truncated protein, and segregated with the disease in multiplex families. In MKS-160, with the homozygous c.3399-3C>A mutation in intron 27, no cDNA was available from the fetus to confirm the effect on splicing of this mutation. In silico analysis of the splice site sequences by HSF showed a reduction in efficacy of the acceptor splice site (89% to 80%), while the mutation completely suppressed the same splice site using the NNSPLICE algorithm.
Interestingly, in family 6 Guadeloupian parents were unaware to be related. Linkage analysis showed homozygosity for the intragenic polymorphic markers in the 2 fetuses, and indeed a c.3145C>G, p.Arg1049X homozygous mutation was identified in this family, suggesting a founder effect.
Three French cases were compound heterozygous for CC2D2A mutations (families 7-9). In family 7 with two affected fetus (twins), both had characteristic Meckel syndrome. In this family, 2 mutations predicting truncated proteins were identified: a 2 bases insertion in exon 29 leading to a frameshift c.3522_3523insTG/p.His1175CysfsX13 and a splice mutation at the donor splice site of intron 36: c.4496+2T>A. In family 8, MKS-982 was diagnosed at the first 12w ultrasound, and the brain was severely affected as a vertex defect resulted in an anencephaly phenotype. The fetus carried compound heterozygous mutations with a nonsens paternally inherited mutation c.1538T>A/p.Trp513X in exon 15, and a maternal donor splice site mutation c.4179+1delG in intron 33. In family 9, 4 fetuses were affected with MKS but DNA was available for only one. In this case also, 2 mutations: a nonsens c.2673C>T/ p.Arg925X and a donor splice site c.2486+1G>C were found.
In two sporadic cases, only one CC2D2A mutation could be identified (families 10-11). Altogether, the mutational screening in our MKS cohort identified 11 families carrying CC2D2A mutations. All predict null alleles. These data confirm that the CC2D2A gene is a MKS-causing gene, and shows a major contribution to the disorder of at least 10%. In addition, it suggests that truncating alleles lead to this severe MKS phenotype. Clinical findings of MKS cases are summarized in Table 1 . Interestingly, polydactyly is common in CC2D2A-mutated fetuses (16/21), and femoral bowing is noted in at least 2 cases (Figure 1-l) . Cerebral malformations belong to the spectrum of neural tube defects (encephalocele and meningocele) and "Dandy Walker" malformations. Anencephalic phenotype secondary to an upper encephalocele (vertex) was found in one case. Eyes were involved in 3 examined cases and showed optic nerve coloboma (Figure 1-k) . Interestingly, both twin fetuses fetuses of family 7 had arhinencephaly and corpus callosum agenesis in addition to the occipital meningocele.
Then, we analysed CC2D2A in a series of 10 JBS patients excluding other known JBS loci either by the analysis of polymorphic markers in familial or consanguineous cases (8) and/or by direct sequencing of the known genes in 2 sporadic cases. The CC2D2A intragenic polymorphic markers were analysed in the 6 consanguineous cases (one was homozygous), and in 2 families where unaffected sibs were available for linkage analysis (the 2 did not exclude linkage). These 3 families and 2 sporadic cases were then sequenced, and CC2D2A mutations were identified in 2 families.
In family 1, the patient was homozygous at the CC2D2A locus while his healthy brothers were heterozygous. JBS-006 is an 8 year-old male born to parents originating from the same village in Algeria and unaware of being related. He presented mental retardation, hypotonia with ataxia, an oculomotor apraxia, vermian agenesis giving rise to a radiological molar tooth sign (Figure 3) . Two homozygous changes were identified: one in exon 18, p.Pro721Ser and one in exon 20, p.Lys800Glu. The amino acid Lys800 is not conserved and the variation is predicted as benign according to Polyphen software, while the amino acid Pro721 is evolutionary conserved; Polyphen predicts that the Pro721Ser change is probably damaging (PSIC score > 2). This might be due to the fact that this conserved amino acid is close to the C2 domain of the CC2D2A protein and this change might interfere with the currently little-known function of CC2D2A or protein-protein interactions.
The second patient (case JBS-008) is a sporadic case who presented mild mental retardation, hypotonia, ataxia, oculomotor apraxia, abnormal eye movements and a "molar tooth" sign ( Figure 3) . We identified two heterozygous missense mutations: one in exon 27, p.Thr1114Met inherited from his mother, and another in exon 37, p.Asp1556Val inherited from his father. These two changes are not known to be single nucleotide polymorphisms (SNPs), and they were not observed 250 control chromosomes. In silico analysis of the two amino acid substitutions on the protein structure and function using the Polyphen software predicts that these changes are deleterious, with a high PSIC score equal to 1.9 for the former and greater than 2 for the latter (Ramensky et al., 2002) . These data further demonstrate that mutations of the CC2D2A gene are causing JBS, defined as JBTS9.
In order to assess the role of CC2D2A in these disorders, we investigated the pattern of gene expression at 4 different stages of early human development. At CS13 ( Figure 4A , A′) and CS14 (not shown) CC2D2A is ubiquitously expressed, with a distinct signal in the spinal cord and limb buds. At CS17 (d, Figure 4B -D′), CC2D2A transcripts continue to be widely expressed in particular throughout the central nervous system, lung and digestive tract epithelia ( Figure 4D ,D′). At C22 (day, Figure 4E -G′), expression continues to be intense within the CNS, where strong and specific expression is observed in the eye and in external granular layer of cerebellum (Fig 4F,F′) . CC2D2A expression is also observed in the costal perichondrum (Fig 4G,G′) .
DISCUSSION
The identification of CC2D2A mutations in 11 MKS fetuses confirms that CC2D2A as a gene for MKS and adds a major contribution of this gene to the disease reaching up to 10% of cases. In addition, novel mutations in two JBS cases are reported, confirming CC2D2A as the 9th JBS locus (JBTS9). Moreover, a genotype-phenotype correlation was observed (Supp. Figure S1 ). All mutations found in the MKS in this study (14) and the previously reported Finnish mutation (Tallila et al., 2008) predicted null alleles (15/15 mutations). By contrast, all but two patients with JBS and CC2D2A mutations reported here and in previous studies (Gorden et al., 2008; Noor et al., 2008) have at least one missense mutation (10/12). Indeed only the homozygous stop mutation described by Gorden et al. and the homozygous splice site mutation reported by Noor et al. in JBS patients do not fit with this correlation. The former one might be explained by the exon skipping caused by a nonsens mutation. If this is the case, exon 23 in wich the nonsense mutation is located is in frame (93bp), and the exon skipping would give rise to a protein lacking 31 aminoacids outside the functional C2 and coiled coil domains. The effect of the mutation on cDNA should be tested on the cDNA of the patient. However, this hypothesis can not be applied to the homozygous splice site mutation reported by Noor as it results in exon19 skipping that is not inframe and disturb the reading frame predicting a premature stop codon. One can hypothesis that while this mutation retains RNA splicing and some residual CC2D2A function, MKS mutations could lead to nonsens mediated decay or other post transcriptional effects. Another explanation would be other factors, such as extragenic modifiers modulating the phenotype as discussed below.
Phenotypic overlap between JBS and MKS has been reported for TMEM67, CEP290 and RPGRIP1L genes and is also illustrated by the considerable phenotypic variability observed in JBTS2-linked patients with multsystemic involvement, including occipital encephalocele, polydactyly, microphtalmia, and kidney disease (Keeler et al., 2003; Valente et al., 2003) . Including CC2D2A, four genes have been shown to be involved in JBS as well as MKS. It is likely that the allelic nature of these conditions will extend to the MKS2 locus, which has been mapped to chromosome 11q13 (Roume et al., 1998) and may therefore be allelic to JBTS2, which has been mapped to 11p12-11q13.3. With respect to RPGRIP1L, mutations identified in MKS fetuses are truncating mutations on both alleles, while most JBS patients harbour at least one missense mutation. "Hypomorphic mutations leading to a viable phenotype were also observed for the MKS1 gene in Bardet Biedl syndrome". While all reported mutations in MKS1 are truncating/splice mutations in MKS fetuses, two missense mutations were reported in a patient diagnosed with Bardet-Biedl syndrome (Leitch et al., 2008) , suggesting that only hypomorphic mutations in the MKS1 gene may lead to another viable, postnatal ciliopathy.
In a recent study, we analysed MKS1 and MKS3 (TMEM67) genes in 54 MKS fetuses and we were able to establish phenotype/genotype correlations according to the mutated gene: whilst the occipital encephalocele is constant in MKS1-mutated fetuses, vermian hypoplasia without neural tube defects is observed in some MKS3 cases whereas polydactyly is significantly less frequent in MKS3-mutated cases (Khaddour et al., 2007) . Taking into account affected siblings, clinical data of 21 fetuses with CC2D2A mutations are summarized in Table 1 . All had characteristic kidney histological features of MKS. Intrahepatic biliary duct proliferation was absent in only fetuses from family 1. Skeletal anomalies including polydactyly and bone dysplasia were frequent: 16/21 fetuses presented polydactyly, 2 fetuses femoral bowing (Figure 1-l) and one had a bell-shaped chest (Figure  1-m) . Interestingly, in one case, NTD affects the calvarium leading to a rostrally located encephalocele, resulting in anencephalic phenotype. This rare feature was also observed in all RPGRIP1L mutated fetuses reported thus far (Delous et al., 2007) .
In 2 MKS families (10 and 11), we found only one truncating mutation. One possibility is that we failed to find the second molecular CC2D2A event because it is located in the regulatory regions of CC2D2A, or in the intron. A heterozygous intragenic deletion would also be missed by PCR-sequencing and quantitative PCR or RNA analysis could give the clue. It is also possible that two pathogenic mutations will be found in another gene (not yet identified), and that the CC2D2A mutation is acting as a modifier in an oligogenic context. By contrast in one JBS case (JBS-006), two homozygous missense mutations were identified and no one is a known SNP: p.Lys800Glu and p.Pro721Ser. In silico analysis predict that the p.Pro721Ser is the pathogenic mutation because it concerns a conserved aminoacid, located in addition close to the C2 domain of the protein. The possibility that the disease is caused by the combined effect of the 2 identified variants is also a possibility.
As far as phenotype/genotype correlation is concerned, JBS shows highly variable expressivity and genotype-phenotype correlations allowed prioritizing disease genes to be tested in each patient . For exemple, AHI1 mutations usually lead to JBS with retinal involvement and sometimes polymicrogyria (Dixon-Salazar et al., 2004) . Only few JBS patients have kidney involvement (Utsch et al., 2006) . Also, NPHP1 is responsible for isolated NPHP in the vast majority of cases, and only few JBS patients with a mild form of brain malformation were found to carry the NPHP1 deletion (Caridi et al., 2006; Parisi et al., 2004) . One can hypothesize that oligogenic or epistatic inheritance is responsible for the additional signs found in these rare patients. Such evidence of oligogenic inheritance has been given in nephronophtisis Hoefele et al., 2007) . Clinical variability reflected by modifier genes, was also recently demonstrated for RPGRIP1L and the retinal phenotypes (Khanna et al., 2009) . In the present study, both CC2D2A-mutated patients had oculomotor apraxia (Cogan syndrome), but neither retinal nor kidney involvement respectively at the age of 8 and 19 years. In a previous report, ten JBS patients with MTS and CC2D2A mutations were reported (Gorden et al., 2008) . Most had also abnormal eye movement (7/10 cases), but only two of them showed retinal dystrophy, renal disease was also infrequent (3/10).
Genes involved in NPHP/JBS and MKS encode proteins involved in ciliary function. These syndromes and similar conditions such as Bardet-Biedl syndrome are collectively known as ciliopathies (Badano et al., 2006) . Little is known about the function of CC2D2A. We show that CC2D2A is ubiquitously expressed during early human development. These results are consistent with data in adult tissues of Noor et al. who showed using RT-PCR that the CC2D2A mRNA is present in many tissues (Noor et al., 2008) . Recently, using a yeast twohybrid assay it was shown that CC2D2A interacts with CEP290/NPHP6 (Gorden et al., 2008 ). Among several domains tested for affinity with other ciliopathy proteins, the N-term domain (amino acids 1-998) of CC2D2A is responsible for the CEP290/NPHP6 interaction. Interestingly, the homozygous mutation found in patient JBS-06 affects Pro721, located near the C2 domain of the CC2D2A protein and within this CEP290-interacting domain.
In conclusion, the present study confirms the involvement of CC2D2A in MKS and shows that CC2D2A is mutated in patients throughout the world.
Our data also clearly indicates a correlation between the phenotype and the genotype, as null alleles lead to all MKS cases, while a missense/hypomorphic mutation in at least one allele is found in all but two JBS cases reported to date.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Histology pattern (hematoxylin-eosin stain) of kidney (a-e), liver (f-j) and eye (k) in CC2D2A-mutated cases. Kidney histology shows conserved corticomedullary organisation with little generation of mature glomerules. Cysts are found in the deep cortex and medulla, and are smaller at the periphery than in the center (a-e). Liver histology shows portal fibrosis with important and diffuse bile duct proliferation in all cases (arrows f-j). Sagittal section of the eye in case MKS-54 (k) shows an optic nerve cystic coloboma. X-rays show femoral bowing in case MKS-143 (l) and a bell-shaped thorax in case MKS-10 (m). Multiplex PCR were performed with primers that amplify exon 13 (expected size : 647pb) and exons 28 (484pb), 29 (384pb), 30 (482pb) respectively. Both exons are amplificated with a control DNA (C+), but only exon 13 for the MKS-084D DNA confirming the deletion of exons 28 to 30. For exon 31 (687bp) and 32 (355bp) a simplex PCR is shown. MKS84D fails to amplify exon 31 but correctly amplifies exon 32. C− is a negative control (no DNA in reaction). In situ hybridization of the CC2D2A gene during human embryonic development. Adjacent sections were treated with antisense (A-G) or with control (sense, A′-G′) riboprobes. Hybridization with sense probes did not give any signal. CC2D2A expression is found in multiple organs during development including brain, upper limbs and kidneys. A-A′). A-A′: at Carnegie stage (CS)13, after 4 weeks of development, CC2D2A is ubiquitously expressed within embryonic tissues in transverse section, including spinal cord (sc), limb bud (lb) and mesonephros (Mn). By CS17 (41d, B-D′), the staining was slightly more intense within the entire central nervous system (prosencephalon (pr), mesencephalon (mes), rhombencephalon (rh), spinal cord) and the peripheral dorsal root ganglia (drg). At CS22 (54d, E-G′), CC2D2A is still ubiquitously expressed with a stronger signal in the cerebellar primordium (cb) and costal perichondrum (co). ey: eye; H: heart; Li: liver; Md: mandible, Rp: Rathke poutch; T: trachea; To: tongue, v: vertebrae. Table 1 Clinical data of Joubert patients and Meckel fetuses with CC2D2A mutations Hum Mutat. Author manuscript; available in PMC 2010 November 1.
